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Abstract

Human activity has increased the concentration of the earth’s atmospheric carbon dioxide (CO5)
and carbon monoxide (CO), which play a direct role in contributing to global warming (Boering
et al., 1996). Wildfires and other types of biomass-burning affect vast area of forest lands, grass
lands, and agricultural lands across the globe annually, and consume an estimated 5500 — 9200
Tg of biomass. Such fires often release intense heat energy, which is propagated by conduction,
convection, and radiation. Fire radiative energy (FRE), like other types of electromagnetic
radiant energy, propagates in space and can be remotely sensed with appropriate instruments
from satellite. In this research study, 4 different regions were selected: West Africa, Brazil
(Amazon), Congo Basin and Alaska. The satellite measurements of Aerosol, CO and CO, were
extracted, and compared with the satellite measurements of Fire radiative energy (FRE) release
rates or Power (FRP) to examine the interrelationships between them in each region.

INTRODUCTION

Human evolution and the use of fire have gone hand in hand ever since the origin of our species
in the savannas and woodlands of Africa (Schiile, 1990). Biomass burning affects most vegetated
landscapes around the world to various degrees and intensities. Some biomass fires originate by
accident or as a result of such natural causes such as lighting, while others are deliberately
ignited for agricultural or experimental purposes. Open biomass fires emit massive amount of
smoke, which can be transported over distances ranging from a few to thousands of kilometers.
The smoke is composed of aerosol and a large variety of trace gases (CO, CO,, CH4, non
methane hydrocarbons, and other compounds).

Carbon monoxide (CO) is a trace atmospheric constituent that plays an important role in
troposphere chemistry as a major sink for hydroxide (OH) (Logan et al., 1981). Atmospheric
CO; concentration has risen since pre-industrial times from ~ 280 ppm to ~ 380 ppm today
(Indermiihle et al., 1999; Conway et al., 1994). The principal reason for this trend is increase in
emissions associated with human activities, such as combustion of fossil fuel, (Keeling et al.,
1989). Carbon dioxide is one of the most important and long-lived anthropogenic greenhouse
gases (Intergovernmental Panel on Climate Change, 2001).

Measurements of Fire Radiative Energy (FRE) are currently being provided with specialized
space-borne sensors, such as the Moderate Resolution Imaging Spectro-radiometer (MODIS)
aboard the Earth Observing System (EOS) Terra and Aqua polar orbiting satellites (Kaufman et
al., 1998). The Aqua satellite, which was launched by NASA in May 2002, also carries the
Atmospheric Infrared Sounder (AIRS) instrument, among others. The AIRS instrument samples



the infrared spectral region with a much higher spectral resolution. AIRS covers the 3.7-um to
15.4-um region with a spectral resolution ( A/ AL) of 1200, recording in 2378 infrared (IR)
channels, and provides the capability to retrieve daily CO, concentration for the first time
globally, over land, ocean and polar regions, day time and night time, even in the presence of
clouds, with an accuracy better than 2ppmv (i.e., < 0.5%) (Aumann et al., 2005; Chaline et al.,
2005). AIRS retrievals of CO total columns (TC) or CO profiles are the products of convolution
of the true CO profile with a priori profile and averaging kernel (McMillan et al., 2009). AIRS
retrievals for ascending orbits (around noon of local time) are reported separately from
descending orbit (around midnight of local time). Carbon monoxide in the troposphere is
routinely retrieved from thermal infrared measurements by Troposphere Emission Spectrometer
(TES) on the NASA Aura Satellite launched in July 2004.

With the availability of FRP, attempts have been made to relate FRP with the amount of biomass
consumed and/or the amount of smoke aerosols emitted. There is a linear relationship between
the total FRE (i.e. time-integrated FRP) released over the lifetime of a fire and the total amount
of fuel biomass consumed (Wooster et al., 2002, 2005). In addition to that, Ichoku and Kaufman
derived another simple linear relationship between FRP and the rate of release of smoke
particulate matter for different regions of the world. The latter, which was based on MODIS
measurements, was confirmed in the laboratory using similar measurements of small scale fires
(Ichoku et al., 2008b). Consequently, this has enabled the derivation of smoke emission
coefficients such that whenever FRP is measured, the corresponding PM emission rate is
instantly evaluated. As a result, satellite measured FRP could be used to realistically estimate the
smoke emissions as well as the amount of biomass burned both from regional and global scale
open-air biomass burning activities (Ichoku et al., 2008a).

Regional scale emission estimates for savanna fires are generally undertaken through model-
based approaches that combine information on the amount of emitted gas species per unit mass
of fuel burned, with estimates of the burned area, fuel load and the proportion of the available
fuel actually combusted (Seiler & Crutzen 1980; Kasischke & Bruhwiler 2003). Importantly, the
relative emission of different chemical compounds by fire is strongly dependent on the relative
incidence of flaming and smoldering combustion. For instance, it is well known that, between
20% to 90% of total pyrogenic emissions of partially combusted products, such as smoke
particulates, methane and CO are released during the smoldering stage (Scholes et al., 1996b;
Hardy et al., 2001). AIRS is also an important new source of information about weather and
climate processes. It was studied using correlative observations to show that AIRS total water
vapor estimates have no cloud dependent biases. AIRS has provided over 300,000 globally
distributed retrievals per day since September 2002, and has a five-year planned lifetime. Each
retrieval includes profiles of temperature and water vapor (Fetzer et al., 2005).

Since FRE is related to Biomass burning, which in turn is related to emissions, it follows that
FRE is itself related to emissions of particle matter and other species. In this research 4 regions
were selected, they are Alaska, Brazil, Congo basin and West Africa. The FRP flux was
extracted from MODIS measurements and interrelated with the CO, data, CO data, Surface air
temperature and Water vapor data sets extracted from AIRS measurements. The FRP flux was



also interrelated with the Aerosol data sets form MODIS measurements. This comparison was
done in a period of 7 year 1.e. from 2003-2010.

METHODOLOGY

Data Sources

The data sets used for this study were obtained from two sources and stored in the American
Standard Code for Information Interchange (ASCII) format. The data sets were obtained from
the GIOVANNI website ( http://disc.sci.gsfc.nasa.gov/giovanni/). GIOVANNI is a web-based
application developed by the GES-DISC, which provides a simple and intuitive way to visualize,
analyze, and access vast amounts of Earth Science remote sensing data without having to
download the data. GIOVANNI is an acronym for the GES-DISC (Goddard Earth Sciences Data
and Information Service Center) Interactive Online Visualization And aNalysis Infrastructure.
All the data sets were extracted from Aqua Satellite measurements except TES-CO which was
extracted from Aura Satellite. Only the daytime Aqua satellite data were used, because fire
activity is dominant during the day- time. The calculation of area on each region was done using
software known as Map tool 2.

Table 1: Showcases the coordinates of selected regions and area of the regions in square
kilometers.

CO Data

The CO retrieval data were obtained from the AIRS Online Visualization and Analysis system.
The data were analyzed by 1.0° x 1.0° grids of monthly, level-3 Product Version 5 (V5) standard
products, and the parameter used was the total column CO_ ascending. The TES level-3 Daily
Global surveys, Troposphere Emission Spectrometer Global 2.0° x 4.0° Gridded data was also
used in analyzing the TES-CO data, and the parameter used was the CO total column density
(Nadir).The visualization approach used was time series, from 2003-2010. The level 3 data
products are geophysical parameters that have been spatially and temporally resample from
levels 1 or 2 data.

CO, Data

AIRS Online Visualization and Analysis was used for the extraction of CO, data, from the 2.5° x
2.0° gridded monthly level 3 V5 standard products. The extracted parameter was CO,_ Fraction
(mole fraction). Time-series visualization was used to analyze data covering the period 2003-
2010.

Aerosol Data

The MODIS instrument onboard the EOS Aqua satellite, has been acquiring moderate-
resolution, spectral measurements of aerosol properties over both land and ocean, with near daily
global average, since late February 2000 (King et al., 1999). Aerosol data were extracted from
MODIS Aqua monthly Level 3 Version 5.1 data product, gridded at 1° x 1° spatial resolution;



Parameter extracted was Aerosol Optical Depth at 550nm. Visualization was by Time-series
analysis of data for the period 2003- 2010.

FRP DATA

The MODIS sensor on the experimental polar orbiting Terra and Aqua satellites is the first
sensor to enable retrievals of the Fire Radiative Power at a global scale [Justice et al., 2002]. FRP
is the spatially integrated instantaneous radiative energy emitted by all fires within the satellite
pixel (Wooster et al., 2003).

FRP=A,e0Y f; T';

Where A = the total area of the satellite pixel [m’]
¢ = fire emissivity
o = Stephan-Boltzmann constant [5.67x10™ J'm?K™]
f; = fractional area of the i thermal component
T, = temperature of the /" thermal component [K].

The FRP data of the fire pixels within the boundaries of each of the regions of interest were
extracted. Using the visible reflectance data from the MODIS fire dataset (“R2”), as proxy for
day/night flags (daytime represented by positive reflectance, and nighttime otherwise) the
daytime FRP data were extracted and used.

Total Water Vapor and Surface Air Temperature Data

AIRS Online Visualization and Analysis was used to extract the gridded 1.0 x 1.0" monthly

level 3 version 5 standard products. Surface air temperature ascending and total column water
vapor _ ascending were the parameters selected because we wanted the data set acquired during
the daytime. Visualization was done using Time series of data covering the period 2003 — 2010.

RESULTS AND DISCUSSION

Figure 1, shows the SCTAMACHY image of Carbon dioxide from 2003 — 2005, and the Carbon
dioxide increase in the troposphere in ppm (part per million). The result retrieved from the 4
regions show similar patterns in figure 2. The main increase in CO; in these regions may be
attributed to anthropogenic activities such as forest fire, biomass burning, industrial emission etc,
or the transportation of CO, by wind. This is, because the level of CO; increase in each of these
regions was between 0.016 g — 0.0176g from 2001 — 2008.



Effects of FRP on the emission of CO

Wildfire or biomass burning is not the only contributor of CO in the troposphere. However, from
the figure 3, it shows that an increase in FRP causes an increase in CO emission during the fire
season of the year in each region. In figure 3c, the FRP data obtained for Alaska indicates very
low forest fire from 2001- 2010, compared with other regions that were selected. The summer
peak fires occur only in Alaska. The peak fire season for Congo basin is fall, while that of West
Africa and Brazil is in winter. Indicating the period in which most of the biomass burning, and
forest fire occurred in Alaska, Brazil Amazon, West Africa and Congo Basin. The CO emission
in Alaska shows that biomass burning contributes less amount of CO in the troposphere. The CO
present may be due to transportation from other regions or other anthropogenic activities. Congo
Basin has two seasons the rainy season (spring) and the dry season (summer). In figure 3d
emission of CO in the spring is low compared to the summer, and FRP is also low in the spring.
In figure 3¢ between 2008 -2010 the FRP graph was decreasing due to the government laws
protecting the deforestation of the Brazil Amazon.

Effects of FRP on the emission of Aerosol

Aerosol is a suspension of fine solid particles such as smoke, smog etc. Aerosols can be emitted
from various sources like volcanoes, dust storms, forest and grassland fires, burning of fossil
fuels in vehicles, power plants etc. In figure 3c, Alaska shows little similarity between the peaks
in the FRP and the aerosol data sets. Aerosol emission occurs in different seasons of the year.
Congo Basin and West Africa shows aerosols are detected by the MODIS sensor immediately
after the dry season (summer) while that for Brazil Amazon was detected during the summer of
each year. In figure 3b from 2008- 2010 the emission of aerosol is low compared to the other
years. This also indicates that wildfire contributes majority of the aerosols into the troposphere in
the Brazil Amazon.

How FRP interrelates to the Surface Air Temperature

Surface air temperature is the temperature of the air near the surface of the earth. In figure 4 the
surface air temperature is relatively high, when the FRP data sets are at their highest peak in each
region. In figure 4a (West Africa) the surface air temperatures continue to increase after the dry
season (summer). This result indicates that biomass burning probably contributes to the change
in surface air temperature in each of the regions.

How FRP interrelates to the Total Water Vapor

Water vapor or aqueous vapor is the gas phase of water. Water vapor is one state of water within
the hydrosphere; water vapor can be produced from evaporation or from the sublimation of ice.
In figure 4 it is shown clearly in Brazil Amazon, West Africa and Congo Basin that the water
vapor’s highest peak occurs during the spring season and lowest peak during the summer. This
shows that there is probably no relationship between fires and atmospheric water vapor in these



regions. In contrast, figure 4c, shows a compelling graph for Alaska, which indicates that FRP
increases as the water vapor increases. This is probably because the biomass burning in this
region are mainly wildfire, and may be affecting mostly non-dry vegetation and releasing its
water content in the form of water vapor.

Comparison between TES-CO and AIRS-CO

TES has higher spatial and spectral resolution compared to AIRS. However, TES global
coverage is significantly less, with nadir pixels being only 5 x 8 km? in comparison to AIRS’s
retrieval grid of 45 x 45 km?, and a swath width of 1600km across track (Warner et al., 2010).
Therefore, because of the limited global coverage of TES data set and other reasons, TES-CO
data looks unreliable compared to AIRS data in figure 5.

CONCLUSION

This research has been done to compare some of the principal emitted species in biomass
burning smoke over four regions of the world located in Alaska, Brazil, the Congo basin, and
West Africa. This study shows that biomass burning occurs in a specific season of the year in
each region, producing aerosol, CO and CO; emissions in the process. The CO; in each region
increases continuously beyond the biomass-burning season as the years go by. This is because
CO; emission cannot be attributed to biomass burning alone, and accumulates over time because
of its relatively long atmospheric lifetime. It also shows that biomass burning has an effect on the
surface air temperature and water vapor at least in these regions.
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TABLE

Table 1: showcases the coordinates of selected regions and Area of the regions in square

kilometers.

Region Latitude Range Longitude Range Area of Land (Km?)
Min Lat Max Lat | Min Lon Max Lon

ALASKA 61.5 69.2 -156.4 -142.3 5.58x 10°

CONGO BASIN -3.9 8.7 10.9 28.0 2.68 x 10°

BRAZIL AMAZON |-13.2 -0.6 -63.3 -47.8 2.40 x 10°

WEST AFRICA 6.4 13.1 -10.2 12.0 1.85x 10°
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Fig. 2a shows the increase of Carbon dioxide in West Africa from 2001 — 2008.
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Fig 3c shows the interrelationship between the Fire Radiative Power (FRP) and AIR-CO, AIRS-CO,, MODIS-AEROSOL in
Alaska from 2001-2010.

16




==¢==MODIS-AEROSOL ==AIRS-CO-ASC ==>¢=FRP FLUX <=ii=AIRS-CO2

CONGO BASIN

(8) “00-suIv

- 0.0172

oT-uer-1
60-das-T
60-AeIN-T
60-uer-1

80-das-T

80-AeN-T
80-uer-T
£0-das-T
L0-Aen-1
LO-uer-T

90-das-1
90-AeN-T.
=
-
90-uer-T §
€
S0-dos-T
£
S0-AeN-T=
S0-uer-1

v0-das-1

vo-Aen-T

¥0-uer-1
€0-das-T
€0-AeIN-T
€0-uer-1

20-das-T

20-Aein-1
z0-uer-t
10-das-T
10-AeiN-T

(2-301) (zw)/MIN) XN14 d¥4 ‘(T-30T)
(ss3p1un) 10S0Y3V-SIAON ‘(;Wd/3 8TIOT) DNIANIISY-0D-SHIV

Fig 3d shows the interrelationship between the Fire Radiative Power (FRP) and AIR-CO, AIR-CO,, MODIS-AEROSOL in

Congo Basin from 2001- 2010.
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Fig.4a shows the graph of FRP, Surface Air Temperature and Total H,O Vapor in West Africa from 2002

—2010.
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Fig.4b shows the graph of FRP, Surface Air Temperature and Total H,O Vapor in Brazil Amazon from

2002 —2010.
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Fig.4c shows the graph of FRP, Surface Air Temperature and Total H,O Vapor in Alaska from 2002 —

2010.
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Fig.4d shows the graph of FRP, Surface Air Temperature and Total H,O Vapor in Congo Basin from

2002 —2010.

Figure 5
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Fig 5a shows the comparison of data sets from TES-CO and AIRS-CO in West Africa from 2001-2010.
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Fig 5b shows the comparison of data sets from TES-CO and AIRS-CO in Brazil from 2001-2010.
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Fig 5c shows the comparison of data sets from TES-CO and AIRS-CO in Alaska from 2001-2010.
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Fig 5d shows the comparison of data sets from TES-CO and AIRS-CO in Congo Basin from 2001-2010.
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